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ABSTRACT
The Effects of Distracting Background Audio on Speech Production
Camille Margaret Cowley
Department of Communication Disorders, BYU
Master of Science
This study examined changes in speech production when distracting background audio is
present. Forty typically speaking adults completed a repetitive sentence reading task in the
presence of 5 different audio conditions (pink noise, movie dialogue, heated debate, classical
music, and contemporary music) and a silent condition. Acoustic parameters measured during
the study included vowel space area (VSA), vowel articulation index (VAI), formant transition
extent, formant transition rate, and diphthong duration for /ɑɪ/ and /ɑʊ/. It was hypothesized that
there would be significant increases in vowel space area and vowel articulation index as well as
an increase in formant transition measures in the presence of background noise. There were
statistically significant decreases in vowel space are and vowel articulation index in the presence
of all noise conditions compared to the silent baseline condition. Results also demonstrated a
significant decrease in F2 transition extent for both /ɑɪ/, and /ɑʊ/ diphthongs in all noise
conditions except the pink noise condition when compared to the silent condition. These findings
were contrary to what was originally hypothesized. It is possible that VAI and VSA decreased in
the presence of background noise due to an increase in speaking rate. Formant transition
measurements were consistent with the VAI and VSA results. More research is needed to
accurately determine the acoustic changes a speaker makes in response to distracting background
audio.

Keywords: speech acoustics, formants, vowels, diphthongs, speech in noise

ACKNOWLEDGEMENTS
I would like to express my gratitude to everyone who has supported me through the
completion of my thesis and graduate degree. I would like to especially thank Dr. Christopher
Dromey for putting in the time to mentor me, helping to push me further intellectually than I
previously thought I was capable. I would also like to thank my committee members, Dr. Shawn
Nissen and Dr. Tyson Harmon for their support and insights throughout the course of this study.
Lastly, I would like to express my gratitude to my family for the sacrifices they have made to
support me throughout this process, specifically my supportive husband Tyler and my parents
Doug and Cindy Bennion. I am very grateful for the opportunity I had to complete this study and
recognize that it will provide insights for me in my clinical career for years to come.

iv
TABLE OF CONTENTS
TITLE PAGE ................................................................................................................................... i
ABSTRACT.................................................................................................................................... ii
ACKNOWLEDGEMENTS ........................................................................................................... iii
LIST OF TABLES ......................................................................................................................... vi
LIST OF FIGURES ...................................................................................................................... vii
DESCRIPTION OF THESIS STRUCTURE............................................................................... viii
Introduction ..................................................................................................................................... 1
Method ............................................................................................................................................ 6
Participants .................................................................................................................................. 6
Instrumentation ........................................................................................................................... 6
Procedures ................................................................................................................................... 7
Data Analysis .............................................................................................................................. 8
Vowel space area. ................................................................................................................... 9
Vowel articulation index. ........................................................................................................ 9
Formant transition. .................................................................................................................. 9
Statistical Analysis ...................................................................................................................... 9
Results ........................................................................................................................................... 10
Vowel Space Area..................................................................................................................... 10
Vowel Articulation Index ......................................................................................................... 10

v
Formant Transition Extent ........................................................................................................ 10
Formant Transition Rate ........................................................................................................... 11
Diphthong Duration .................................................................................................................. 11
Discussion ..................................................................................................................................... 15
Vowel Space Area and Vowel Articulation Index .................................................................... 15
Formant Transition.................................................................................................................... 16
Limitations of Present Study and Directions for Future Research ........................................... 17
Conclusion .................................................................................................................................... 18
References ..................................................................................................................................... 20
APPENDIX A: Annotated Bibliography ...................................................................................... 23
APPENDIX B: Consent Form ...................................................................................................... 32

vi
LIST OF TABLES
Table 1

Descriptive Statistics for the Acoustic Measures by Sex and Condition .................... 11

Table 2

ANOVA Results for Each Acoustic Measure .............................................................. 12

Table 3

Contrast Statistics for Each Condition Compared to the Silent Baseline .................. 13

vii
LIST OF FIGURES
Figure 1. Mean and standard deviation of VAI by sex and condition. ....................................... 14
Figure 2. Mean and standard deviation of F2 transition extent for the /ɑɪ/ diphthong by sex
and condition............................................................................................................... 14
Figure 3. Mean and standard deviation of transition duration for the /ɑʊ/ diphthong by sex
and condition............................................................................................................... 15

viii
DESCRIPTION OF THESIS STRUCTURE
This thesis, The Effects of Distracting Background Audio on Speech Production, is
written in a hybrid format, containing both traditional thesis requirements and journal publication
formats. Portions of this thesis may be published in articles with the thesis author being included
in the list of coauthors. Introductory pages of this thesis reflect university requirements. An
annotated bibliography is included in Appendix A, and the consent form used in this study is
found in Appendix B.
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Introduction
This study examined the effect of different types of background noise on several acoustic
measures of speech. Noise sources that are present in the speaking environment can affect how a
listener processes speech (Howell, 2008). Under optimal conditions, speech is produced in a
quiet, comfortable environment without distraction. In daily life, however, there are situations in
which noise is present and speech is less audible. Competing audio signals can interfere with
spoken communication. For years, researchers have studied the perception of speech in noise.
Past research has focused on improving communication in noisy situations including aircraft,
factories, and traffic noise (Brumm & Zollinger, 2011). It has long been recognized that a
speaker’s vocal effort increases involuntarily to improve communication effectiveness in the
presence of environmental noise (Ikeno, Varadarajan, Patil, & Hansen, 2007). This is a
phenomenon known as the Lombard effect.
The Lombard effect was first discovered by Etienne Lombard in 1911. While Lombard
was examining a patient’s ear, the patient was engaged in conversation. When he introduced a
noise to the patient’s ear, Lombard noticed the patient then began to speak with greater vocal
effort. He then noticed that when he took away the noise, the patient returned back to his former
vocal intensity. The patient was unaware of any changes to his vocal effort. Lombard reported
these findings, which later became known as the Lombard effect. Since this discovery, the same
effect has been studied for decades in several different scientific disciplines, such as engineering,
psychology, and acoustics (Brumm & Zollinger, 2011). The Lombard effect not only involves an
increase in speech amplitude, but also an increase in fundamental frequency (F0), word duration,
and other spectral changes. There also tends to be a shallower spectral slope in Lombard speech
in comparison to quiet speech (Cooke & Lu, 2010).
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Past research has sought to improve the intelligibility of speakers in noisy or acoustically
adverse settings (Cooke, King, Garnier, & Aubanel, 2013; Dromey & Scott, 2016). Intelligibility
is closely linked to speech perception. When a listener attends to an auditory signal, they are
processing acoustic features, mapping them onto phonemic categories, temporarily storing the
signal in their working memory, then mapping the perceived phonemes and words to their
meanings (Wong et al., 2008). Several studies have determined that the presence of background
noise can negatively affect these complex processes. For instance, background noise can act as a
masker, essentially covering the speech signal. There can also be distractions in the background
noise that increase the cognitive load on the listener, making it more difficult to perceive the
speech signal accurately (Howell, 2008).
One study examined the cortical neurophysiological characteristics of language
processing in the presence of noise (Wong et al., 2008). Using fMRI, these researchers examined
the cerebral hemodynamics of the aging brain during language processing in three different noise
conditions. The results of the study suggest that the presence of background noise in conjunction
with increasing age of adults will reduce activation of the auditory cortex and increase cortical
activities in general cognitive regions. This is suggestive of compensatory strategies (Wong et
al., 2008). While several studies have been conducted to determine the effects of outside factors
on speech perception, fewer have examined their effects on speech production. (Cooke & Lu,
2010; Dromey & Scott, 2016; Letowski, Frank, & Caravella, 1993; Bond, Moore, & Gable,
1989). While the current study will examine speech production in noise, some aspects of speech
perception are involved when considering the effects of what are known as informational
maskers.
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In contrast to energetic masking, where noise effectively drowns out the signal,
informational masking contains linguistic information which can evoke the involuntary
processing of language (Cooke & Lu, 2010). Informational masking can increase the cognitive
load placed on a listener and may make it difficult for them to distinguish between the target
sound and the background noise (Cooke et al., 2013). For example, while sitting in a restaurant,
one might overhear someone at an adjacent table having a conversation. It may be difficult to
attend to one’s own conversation while involuntary linguistic processing is taking place for the
nearby exchange. This is considered informational masking. The current literature provides
relatively little information on how informational masking affects speech production differently
than energetic masking.
Energetic masking noise creates a spectral overlap with the signal that causes a reduction
in signal audibility at the level of the auditory periphery (Dromey & Scott, 2016). This type of
noise has no linguistic content. Speech changes in the presence of energetic masking are
relatively well understood. For example, Cooke and Lu (2010) recorded participants’ speech in
three different noise conditions. They compared speech in the presence of competing speech,
speech-shaped noise, and speech modulated noise with speech in a quiet control condition.
Speech-shaped noise was considered to be the most energetic of the three different maskers.
They found that speech-shaped noise produced the largest increase in energy, mean F0, and
spectral tilt (Cooke & Lu, 2010). This is consistent with the findings of other studies of the effect
of energetic masking on speech production. In the current study pink noise was selected as an
energetic masking noise stimulus.
Environmental conditions can influence individuals to modify their speech by making
changes that alter its acoustic-phonetic structure. Some examples of acoustic properties that
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pertain to speech in noise include speech timing, segment duration, F0, intensity, formant
frequencies, speech rate, and vowel spectra (Howell, 2008). One study of the characteristics of
speech production in noise used a repeated measures experimental design to determine which
acoustical properties would be most affected by background noise conditions (Letowski et al.,
1993). Consistent with the Lombard effect, the study revealed that speech in the presence of
noise is characterized by an increase in overall sound pressure level (SPL), and higher F0. During
post-hoc analysis, the authors also found a significant change in speech spectra (Letowski et al.,
1993). While this study answers the question of which acoustic properties are affected by
background noise, it does not consider the difference between each type of masking noise and
their effect on speech production. The current study addressed how several types of masking
noise would affect speech production differently.
Another similar study examined the acoustic-phonetic changes that occur in speech when
a talker is exposed to noise and/or is wearing an oxygen mask (Bond et al., 1989). All
participants in the study were experienced in using Air Force voice communications equipment
and were accustomed to speaking in noisy environments. The participants were asked to speak a
list of spondee words in the presence of 95 dB SPL pink noise. Results of the study suggest that
an increase in energetic noise (in comparison to a silent condition) will contribute to a significant
increase in both F0, and total energy (Bond et al., 1989).
The results of these studies are consistent with the Lombard effect and suggest that an
examination of speech in the presence of energetic masking noise will show a change in SPL and
F0. However, fewer studies have examined the effect of informational masking on speech
production. One such study analyzed the noise-induced changes to speech compared to a silent
condition (Lu & Cooke, 2008). In this study, researchers produced several different background
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noise conditions in the form of n-talker babble maskers. The researchers suggested that as n
increased, the noise changed from more informational to more energetic in nature. In comparison
to the silent condition, the researchers found a significant increase in root mean square (RMS)
energy, mean F0, spectral center of gravity, and voiced to unvoiced ratio (Lu & Cooke, 2008).
Taking into consideration these results from previous studies, the current study examined similar
acoustic-phonetic parameters and how they are influenced by different types of energetic and
informational masking noise. In addition to intensity and F0, an analysis of the current study’s
data aimed to determine whether or not there are changes in other properties such as segment
duration, diphthong transitions, and vowel space metrics.
A search through the literature on acoustic-phonetic properties of speech communication
reveals a number of studies examining the effects of noise on speech production and
intelligibility (Summers, Pisoni, Bernacki, Pedlow, & Stokes, 1998). Previous studies have
analyzed how altered environmental conditions can influence an individual to change the
acoustic structure of their speech output, as explained by the Lombard effect. Unlike previous
studies, the current study analyzed the effects of both energetic and informational background
noise on acoustic-phonetic parameters of speech in typically speaking young adults. This study
included several different informational maskers including classical music, contemporary music,
an intense movie dialogue, and a heated debate between speakers. We gathered data to determine
whether or not these informational maskers had a different effect on speech production than pink
noise and the silent condition (considering the distracting potential for linguistic content with
each of these informational maskers).
A goal of the current study was to compare several measures of speech produced in
different types of noise to understand how the nature of the sound might influence acoustic-
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phonetic characteristics during a sentence repetition task. People communicate in noisy
environments daily. A better understanding of speech production in noise could have value to
clinicians. For example, in a clinical setting people with communication disorders tend to receive
treatment in well lit, quiet rooms. This allows them to better concentrate on the task at hand and
supports the client in achieving their communication goals in a distraction-free environment.
This type of therapy setting does not necessarily promote functional improvement in more
complex acoustic environments in which these individuals are required to communicate, i.e., in
the presence of competing background in their everyday lives. Understanding more about the
effects of background noise on people with communication disorders is a step toward
formulating therapy techniques to aid in compensation when these individuals are faced with the
challenge of competing noise outside the clinic (Dromey & Scott, 2016).
Method
Participants
Twenty male and twenty female native speakers of American English participated in the
study. The data from one man and one woman were not usable due to a recording issue. None of
the participants reported any history of speech, language, or hearing disorders. Each participant
passed a hearing screening bilaterally at 25 dB HL at 500, 1000, and 2000 Hz. The mean age was
24.6 years (SD = 1.9) for the men and 23.7 years (SD = 1.3) for the women. All participants
signed an Institutional Review Board-approved written consent form to participate in the study
(See Appendix B).
Instrumentation
Participants sat in a sound attenuating booth to provide the ideal environment to acquire
high quality acoustic recordings. Auditory distractions other than the experimental stimuli were
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not present. Experimental audio conditions were presented to each participant through
headphones. Speech was recorded using a boom microphone placed approximately 50 cm from
the mouth. A reference recording was made using a sound level meter placed 100 cm from the
mouth. This was done in order to later calibrate speech intensity during acoustic analysis of the
microphone signal. This signal was digitized with a FocusRite Scarlett 2i2 USB analog to digital
converter at 44,100 Hz and Audacity software (Version: 2.3.1, Audacity Team, 2019).
Procedures
Each participant’s data were collected within a one-hour session. The current study was
part of a larger experiment involving other speaking tasks. Participants were shown various
sentences on a computer monitor and asked to read them aloud at a comfortable speaking rate
and loudness. The four different sentences presented included: “That’s nothing to shout about,”
“Pete mailed it back,” “The cop caught the man,” and “They fight tooth and nail.” The sentences
were presented one at a time. The sequence of conditions was the same; however, within each
condition the sentences were randomized for each participant. Each sentence was read by
participants a total of five times (reading 20 total sentences). Each participant read these
sentences aloud while being exposed to different audio stimuli. The listening conditions were as
follows: a silent-baseline condition (ST), pink noise (PK), dialogue from a movie (MV), two
speakers having a debate (DT), classical music (CL), and contemporary music (CO). The movie
dialogue was taken from a popular, contemporary film during an emotional scene preceding an
act of violence. The debate was taken from a recording of two sports commentators strongly
disagreeing. The classical music stimulus had both vocal and instrumental components and a
wide dynamic range. The contemporary music stimulus was upbeat with a strong rhythm. Pauses
in the stimuli that were longer than 200 ms were removed to ensure continuity. The pink noise
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stimulus was matched perceptually to the loudness of masking noise from an audiometer at 75
dB HL to establish the intensity level of the stimuli. Once the intensity level was confirmed, all
of the stimuli were adjusted in amplitude to match the amplitude of the pink noise using
Audacity. At the end of each session, participants were asked which experimental condition they
felt was most distracting and why. This was done to learn more about the subjective experience
of the participants. Answers were qualitatively evaluated.
Data Analysis
Recordings were analyzed using the Praat software program (version 5.4; Boersma &
Weenink, 2014). Praat formant settings included a maximum frequency of 5500 Hz, measuring
5 formants with a dynamic range of 30 dB, and a window length of .025 seconds.
Praat was used to segment out individual vocalic segments for the corner vowels /ɑ/, /i/,
/æ/, and /u/ from the sentence stimuli for the first three error-free productions of the five
repetitions. The /ɑ/ vowel came from the word ‘cop’ in the sentence “The cop caught the man”.
The /i/ and /æ/ vowels were segmented from the words ‘Pete’ and ‘back’ respectively in the
sentence “Pete mailed it back.” The /u/ vowel was taken from the word ‘tooth’ in the sentence
“They fight tooth and nail”. Following vowel segmentation, the formants were computed.
Formant tracks were visually inspected and corrected by hand when necessary. Visual inspection
of the microphone waveform and wideband spectrogram was used to identify the first and final
glottal pulse of the vowel. All vowels were placed between consonants which simplified the
segmentation process. The formant analysis was restricted to modal phonation and instances with
glottal fry were not included in the formant analysis. The formant text file was then taken from
Praat and imported into a custom Matlab application (MathWorks, 2019), where the F1 and F2
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histories were processed further. The application computed the average F1 and F2 values for the
middle 50% of each vowel repetition for each participant.
Vowel space area. The vowel space area (VSA) was measured based on the F1 and F2
values for each participant and each repetition of the corner vowels /a/, /i/, /æ/, and /u/. F1 and F2
midpoint frequencies were plotted on an X-Y graph, where the corner vowels marked the corners
of the vowel quadrilateral. The area of the VSA was then measured in Hz2 with a custom Matlab
application.
Vowel articulation index. The equation (F2æ + F2i + F1ɑ + F1æ) / (F2u + F2ɑ + F1i + F1u)
was used to compute the vowel articulation index (VAI) using the F1 and F2 values from each
corner vowel.
Formant transition. Praat was used to segment the sentence recordings into individual
diphthong (/ɑɪ/, and /ɑʊ/) audio files. The /ɑɪ/ diphthong was segmented out of the word ‘fight’
in the sentence “They fight tooth and nail”. The /ɑʊ/ diphthong came from the word ‘shout’ in
the sentence “That’s nothing to shout about”. Formant records for F1 and F2 were extracted from
the audio files. Matlab was then used to process the formant listings from Praat to calculate the
transition extent in Hz, and the diphthong duration in s, which were then used to find the
transition rate in Hz/s (transition extent / duration = transition rate). The transition extent was the
difference in Hertz (Hz) between the first and final value in the diphthong formant history.
Statistical Analysis
A repeated measure analysis of variance (ANOVA) was used to test for significant
changes in the dependent measures under the different noise conditions. In order to compare
participant performance under each of the noise conditions against the silent baseline condition,
concurrent contrasts were used. This helped to determine which conditions led to significant
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changes in the dependent variables. Sex of the speakers was also included as a factor to analyze
potential interactions with the stimulus condition, or between subject effects based on difference
in performance between men and women.
Results
Descriptive statistics for the dependent measures are found in Table 1. Significant
differences across experimental conditions are reported below. ANOVA details are found in
Table 2 and concurrent contrast results in Table 3.
Vowel Space Area
Overall, there were significant changes in VSA across the conditions. Contrast analysis
revealed a significant decrease in VSA under each noise condition compared to the silent
baseline. Between-subjects testing revealed that VSA was significantly greater for women than
men, F [1,36] = 25.848, p < .001.
Vowel Articulation Index
ANOVA testing revealed a significant change in VAI across the noise conditions.
Contrast testing revealed that VAI was lower in all of the background conditions compared to the
silent condition (Figure 1). There were no significant gender effects.
Formant Transition Extent
ANOVA testing revealed a significant change in F1 and F2 transition extent for the /ɑɪ/
diphthong across conditions. According to contrast analysis testing, there was a significant
decrease in F1 transition extent for the /ɑɪ/ diphthong during the classical music condition
compared to the silent condition. There was a significant decrease in F2 transition extent for the
/ɑɪ/ diphthong during the debate, classical music, contemporary music, and movie dialogue
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conditions compared to the silent condition (Figure 2). There were no sex differences or
interaction effects.
According to ANOVA testing, there were no significant changes in F1 transition extent
for the /ɑʊ/ diphthong across conditions. There were significant changes in F2 transition extent
for the /ɑʊ/ diphthong across conditions. Contrast analysis revealed a significant decrease in
transition extent for the /ɑʊ/ diphthong during the debate, classical music, contemporary music,
and movie dialogue conditions compared to the silent baseline condition. There were no sex
differences or interaction effects.
Formant Transition Rate
According to ANOVA testing results, there were no significant changes in formant
transition rate for the /ɑɪ/ diphthong. There were significant changes in F2 transition rate for the
/ɑʊ/ diphthong. Contrast analysis revealed that F2 transition rate for the /ɑʊ/ diphthong was
significantly lower in all of the background conditions compared to the silent condition. There
were no significant gender effects.
Diphthong Duration
ANOVA testing revealed significant changes in diphthong duration for both /ɑɪ/ and /ɑʊ/
diphthongs across conditions. According to contrast analysis results, the /ɑɪ/ diphthong duration
was significantly lower during the classical music condition, and higher during the pink noise
condition when compared to the silent baseline condition. The /ɑʊ/ diphthong duration was
significantly higher during the debate, contemporary music, and pink noise conditions when
compared to the silent baseline condition (Figure 3). There were no significant sex differences or
interaction effects in duration for either the /ɑɪ/ or /ɑʊ/ diphthongs.
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Table 1
Descriptive Statistics for the Acoustic Measures by Sex and Condition
Condition
Sex

Debate

Classical

Contemporary

Pink Noise

M

SD

M

SD

M

SD

M

SD

M

86583

269259

83638

296961

103789

302260

98784

295646

VSA

F

261782

VAI

M
F

152872 68663 161541 84046 141374
1.48
0.09
1.49
0.09
1.5

M

Movie

1.44

0.1

1.45

0.14

1.42

Silent
SD

M

SD

107786 325788 96115

82285
154456 78937 170392 70812 188077 76841
0.11
1.52
0.11
1.51
0.11
1.55
0.11
0.12

1.45

0.12

1.45

0.09

1.49

0.11

TE F1

F

370.2

80.7

362.9

80.8

382.8

73.2

363.8

84

402.7

116.2

383.2

69.3

/ɑɪ/

M

343.5

112.8

332.5

78.3

327.4

60.5

341.6

76.9

364.9

60.3

373.6

99.8

TE F2

F

818.8

247

772.1

244.6

781.3

252.6

790.6

237

896.4

284

871.1

241.1

/ɑɪ/

M

647.3

191.2

638.3

180.5

654.6

203.9

667.1

173.7

729.5

192.4

721.5

162.6

TR F2

F

3002.2

570.4

3025.5

659.4

3093.2

627.7

2964.9

797

2884.7

735.2

2958.4

550.9

/ɑɪ/

M

2654.9

886.7

2652

748.9

2645.2

569.5

2664.2

761.7

2651.7

664.4

2792.6

875.1

TR F2

F

6594.2 1807.3

6383.1

1738.5

6220.7

1655.8

6337.3

1799.4

6446.8

1951.9

6725.7 1936.3

/ɑɪ/

M

4960.4 1086.1

4965

835.9

5145.6

1224.3

5142.5

1192.6

5125.3

928.3

5377.1 1135.8

TD

F

127

29

124.1

31.4

130.1

35.9

129.3

35.8

143.2

33.8

132.4

21.8

/ɑɪ/

M

132.5

26.9

128.7

27.1

127.3

24.2

133.6

28

142.7

24.8

137.1

24.5

TE F1

F

74.2

32.2

81.8

26.4

80.8

40.3

79.9

34.7

75.4

45.8

97.4

115.7

/ɑʊ/

M

84.1

60.1

73.5

38.7

93.1

41.3

72.7

26.7

93.3

53

64.4

32.3

TE F2

F

276.4

89.8

282.7

93.9

289.9

119.2

295.3

117

323

123.1

368.7

161.4

/ɑʊ/

M

299

117.3

287.6

96

265.9

125.1

291.1

107.3

314.3

96.9

303.4

127.9

TR F1

F

765.2

396.6

864.9

361.1

799.5

396.4

850.7

443.4

717.8

486.4

929.4

893.1

/ɑʊ/

M

873.2

494

749.8

343.8

937.1

428

786.6

371.1

906

503.5

704.8

373.9

TR F2

F

2710.6

2858.5

878.4

2736.7

2966.5

992.7

2981.1

1172.9

814.3

992.8

3690.3 1414.1
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/ɑʊ/

M

3040.9 1073.9

TD

F

103.8

/ɑʊ/

M

99

3031.1

997.7

2642.4

18.2

99.1

17.8

105.2

21.5

97.5

21.8

102.8

1362

3032.7

1140.2

3072.1

1161.3

3202.4 1166.9

21.4

99.1

18.8

109.7

22.3

100.1

20.4

23.7

98.4

19.8

105.9

20.6

94.2

17.4

Note. F = female; M = male; VAI= vowel articulation index; VSA= vowels space area; TE= transition extent; TR= transition rate;
TD= transition duration; F1= first formant; F2= second formant
Table 2
ANOVA Results for Each Acoustic Measure
df error
F
p
ES
VSA
4.693
168.948
6.997
<.001
0.163
VAI
4.455
160.373
7.836
<.001
0.179
TE F1 /ɑɪ/
5
180
2.598
0.027
0.067
TE F2 /ɑɪ/
4.45
180
9.589
<.001
0.21
TR F1 /ɑɪ/
5
180
0.303
0.91
0.008
TR F2 /ɑɪ/
4.375
157.512
1.399
0.233
0.037
TD /ɑɪ/
5
180
8.139
<.001
0.184
TE F1 /ɑʊ/
3.168
114.039
0.302
0.834
0.008
TE F2 /ɑʊ/
4.005
144.168
4.225
0.003
0.105
TR F1 /ɑʊ/
3.837
138.133
0.12
0.972
0.003
TR F2 /ɑʊ/
5
180
5.741
<.001
0.138
TD /ɑʊ/
4.259
153.315
7.522
<.001
0.173
Note. ES = effect size; VAI= vowel articulation index; VSA= vowels space area; TE= transition extent; TR= transition rate; TD=
transition duration; F1= first formant; F2= second formant
df
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Table 3
Contrast Statistics for Each Condition Compared to the Silent Baseline

VSA
VAI
TE F1 /ɑɪ/
TE F2 /ɑɪ/
TR F1 /ɑɪ/
TR F2 /ɑɪ/
TD /ɑɪ/
TE F1 /ɑʊ/
TE F2 /ɑʊ/
TR F1 /ɑʊ/
TR F2 /ɑʊ/
TD /ɑʊ/

Debate
F
p
38.349 <.001
41.300 <.001
8.550

0.006

ES
0.516
0.534
0.192

Classical
F
p
22.747 <.001
17.976 <.001
5.131 0.030
21.724 <.001

ES
0.387
0.333
0.125
0.376

4.219
6.219

0.047
0.017

0.105
0.147

Contemporary
F
p
ES
11.011 0.002 0.234
15.492 <.001 0.301
12.983

0.001

0.265

Movie
F
p
8.893 0.005
13.371 0.001
9.207

0.004

ES
0.198
0.271

Pink Noise
F
p
ES
5.146 0.029 0.125
11.967 0.001 0.249

0.204

5.618

0.023

0.135

7.481

0.010

0.172

6.958

0.012

0.162

6.385

0.016

0.151

9.442
4.220

0.004
0.047

0.208
0.105

9.911

0.003

0.216

16.192
6.205

<.001
0.017

0.310
0.147

9.824

0.003

0.214

6.898

0.013

0.161

8.024
20.584

0.008
<.001

0.182
0.364

Note. ES = effect size; VAI= vowel articulation index; VSA= vowels space area; TE= transition extent; TR= transition rate; TD=
transition duration; F1= first formant; F2= second formant
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1.70
1.65
1.60

VAI

1.55
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Figure 1. Mean and standard deviation of VAI by sex and condition.
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Figure 2. Mean and standard deviation of F2 transition extent for the /ɑɪ/ diphthong by sex and
condition.
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Figure 3. Mean and standard deviation of transition duration for the /ɑʊ/ diphthong by sex and
condition.
Discussion
The purpose of this study was to determine the effects of distracting background audio on
speech production. Statistical analysis revealed several significant effects on corner vowel
metrics and formant transitions.
Vowel Space Area and Vowel Articulation Index
On the basis of previous work on the Lombard effect, it was anticipated that the intensity
of each participant’s speech would increase in in the presence of background noise compared to
a silent condition (Ikeno et al., 2007. It was expected that with an increase in intensity, there
would also be an increase in VSA and VAI because louder speech has typically been linked to
larger articulatory movements (Dromey & Ramig, 1998). The data for the current study revealed,
however, that there was no increase in VSA or VAI. In fact, both VSA and VAI decreased in the
presence of all background noise conditions in comparison to the silent condition. It is possible
that VSA and VAI decreased in the presence of background noise due to an increase in speaking
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rate. When both energetic and informational masking noise were presented as a distraction, it is
possible that participants began to speak more quickly as a means of compensating for the
auditory intrusion. This is consistent with previous findings by Dromey and Bates (2005), who
reported that when given a concurrent visuo-motor task during speech production, participants
spoke more quickly than when producing the utterance alone. It can be hypothesized that with a
decrease in word duration, there would also be a decrease in VSA and VAI, due to decreased
articulatory movements in the presence of distraction. Between-subjects testing revealed that
VSA was significantly greater for women than men. This is consistent with the computation of
the VSA; women tend to have a larger acoustic vowel space area in Hz because the female vocal
tract is smaller and thus resonates higher frequencies, resulting in larger area metrics.
Formant Transition
The decrease in F1 and F2 transition extent, rate, and diphthong duration is consistent
with the data that showed a decrease in VSA and VAI. Taken together, these findings suggest
that the participants in this study tended to make smaller articulatory movements in the presence
of distracting background noise. The formant transition rate is computed by taking the formant
transition extent in Hz and dividing it by the diphthong duration. In this case, if there is a
decrease in the transition extent while the duration stays the same, there will in turn be a decrease
in transition rate. The only inconsistency in this pattern in the data is where the /ɑʊ/ diphthong
duration was significantly higher during the debate, contemporary music, and pink noise
conditions when compared to the silent baseline condition. It is unclear why this would be the
case.
Previous studies have shown that typically speaking individuals have larger articulatory
displacement during speech production in the presence of background noise (Darling & Huber,
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2011). It was anticipated in the present study that the intensity would increase in each
participant’s speech in noise due to the Lombard effect. Dromey, Ramig, and Johnson (1995)
found that a patient with Parkinson’s disease had an increase in both transition extent and
duration in louder speech following the Lee Silverman Voice Treatment. Other studies have also
shown increased articulatory displacement in conjunction with increased vocal effort (Dromey &
Ramig, 1998). On the basis of these studies it was hypothesized that louder speech would lead to
larger movements under the noise conditions in the present study. This would then lead to an
increase in VAI, VSA, and formant transition measures. This study, however, found a decrease
in VAI, VSA, and formant transition.
In previous studies, people have become louder at the request of the experimenter
(Darling & Huber, 2011). In the current study, participants were asked to speak at a comfortable
rate and loudness. Thus, in contrast to previous studies, the loudness increase that occurred was
likely an involuntary reaction to the background noise, rather than a volitional response to the
experimenter’s request. In a previous study of the effects of divided attention on speech
production, the results revealed that in some cases, there were smaller speech movements even as
speech became louder (Dromey & Bates, 2005). This is consistent with the current study where
results revealed a decrease in vowel space metrics and formant transitions.
Limitations of Present Study and Directions for Future Research
Measures of intensity and sentence duration were not taken for the present study. This is
a limiting factor when determining what happened when the VSA and VAI measures decreased
in the presence of noisy background conditions. Future analyses could help determine how much
the Lombard effect may have played a part in the results of this study. Measures of sentence
duration would reveal whether or not participants were speaking more quickly in the presence of
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the background noise conditions. This would help us better understand why VSA and VAI
decreased in the background noise conditions. Another limitation was that the speech task in this
study was repetitive. While the repetitive nature of the study allowed for more control over the
choice of segmental acoustic metrics, it did not allow straightforward generalization to more
natural communication tasks. Since participants were repeating the same sentences several times,
this speaking task was less naturalistic, and its results may not extend to typical communication.
Further analysis is warranted to determine the intensity and duration of each sentence in
each of the noise conditions. This may help clarify why the VSA and VAI measures decreased.
In the future it would also be valuable to determine how individuals with aphasia or mild to
severe brain injuries would perform in a similar experiment. This could help clarify how we
might use background noise during therapy with impaired patients to improve generalization and
patient outcomes in their daily lives.
Conclusion
This study revealed changes in acoustic measures of speech in the presence of various
types of background noise. There were several significant changes in metrics relating to vowel
space area and diphthong transitions. It was expected that VSA and VAI would increase along
with an increase in intensity due to the Lombard effect (Howell, 2008). The current study
revealed, however, that VSA and VAI decreased in the presence of various types of background
noise. A decrease in formant transition extent, formant transition rate, and diphthong duration is
consistent with the reduced vowel space measures. More research is needed to determine the
acoustic changes a speaker makes in response to distracting background audio. Future studies in
this area could involve clinical populations and have implications for the type of environment in
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which therapy is conducted. It also has the potential to help determine how therapists can
promote functional improvement in more complex acoustic environments.
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APPENDIX A
Annotated Bibliography
Bond, Z. S., Moore, T. J., & Gable, B. (1989). Acoustic-phonetic characteristics of speech
produced in noise and while wearing an oxygen mask. The Journal of the Acoustical
Society of America 85, 907–912. https://doi.org/10.1121/1.397563
Objective: The purpose of this study is to investigate the acoustic-phonetic changes in speech
when a talker is exposed to high levels of noise, or if they are wearing an oxygen mask.
Method: Four male college students at a Midwestern university were talkers for this study.
Before each session, the participants were familiarized with the list of words. Ten bisyllabic
words from a spondee word list were read in isolation. The talkers spoke each word twice. Four
different conditions were assessed including speech in ambient noise both with and without an
oxygen mask, and speech in 95 dB pink noise both with and without an oxygen mask. Center
frequencies of the first three formants, diphthong formants, and fundamental frequency were all
found using Speech and Phonetics Interactive Research Environment (SPIRE). The boundaries
for each word segment were also analyzed.
Results: There was a tendency for the average word duration to increase with the presentation of
noise; however, those increases were not statistically significant. The fundamental frequency of
the words produced in noise without the oxygen mask showed a statistically significant increase
due to the Lombard effect. However, surprisingly, there was no significant increase in
fundamental frequency when the noise was added during the masked condition. The same was
seen with the average total energy. There was an increase in F1 for speech produced in the
presence of noise without the oxygen mask. There was also a dramatic compression of vowel
space with the presence of the oxygen mask. The oxygen mask itself resulted in statistically
significant increases in vowel duration, fundamental frequency, and total energy.
Conclusion: Speaking in noise results in increased fundamental frequency and amplitude, shifts
in the center frequencies of the first two formants of vowels, and increased vowel duration. The
presence of an oxygen mask during speech results in increased vowel duration, fundamental
frequency and total energy.
Relevance to the current work: The presence of background noise during non-spontaneous
speech tasks will likely affect fundamental frequency and amplitude, vowel duration, and vowel
space metrics.
Brumm, H., & Zollinger, S. A. (2011). The evolution of the Lombard effect: 100 years of
psychoacoustic research. Behaviour, 148, 1173–1198. https://doi.org/10.2307/41445240
Objective: This article reviewed the available literature on the regulation of amplitude based on
noise in humans and other animals. It also discussed the history of the Lombard effect.
Conclusion: The Lombard effect was first discovered by Etienne Lombard in 1911. While
examining a patient’s ear, the patient was engaged in conversation. When he introduced a noise
to the patient’s ear, he noticed the patient then began to speak with greater vocal effort. He then
noticed that when he took away the noise, the patient returned back to his former vocal intensity.
The patient was unaware of any changes to his vocal effort. Lombard reported these findings,
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which later became known as the Lombard effect. More than 230 publications referring to the
Lombard effect were published between 1979 and 2009, and many more have been published
since. There are several signal changes associated with the Lombard effect including an increase
in amplitude, a rise in F0, spectral slope changes, and a lengthening of word duration.
Relevance to the current work: The current study aims to further study the Lombard effect along
with other parameters that may be affected by background noise.
Cooke, M., King, S., Garnier, M., & Aubanel, V. (2013). The listening talker: A review of
human and algorithmic context-induced modifications of speech. Computer Speech and
Language, 28, 543-571.
Objective: This article reviewed the available literature to summarize the behavioral findings
related to speech modification. It also identified which of these factors were beneficial. Lastly, it
reviewed previous attempts to improve intelligibility in noise.
Conclusion: 46 different speech modifications emerged during this literature review. There is a
lack of behavioral studies on potential benefits of speech modification. Future studies should
involve higher level linguistic information in the modified speech. Most studies show that
intelligibility is maintained when the output level is increased. Instead of increasing output level,
however, a speaker could also speed up their speech to increase information rate.
Relevance to the current work: The current study aims to understand acoustic parameter changes
when background noise is present. This study also focused on speech production; however, it
mainly focused on how speech modification affects speech behaviors. The current study will
focus in on a few specific acoustic measurements of speech and how they change with various
types of background noise.
Cooke, M., & Lu, Y. (2010). Spectral and temporal changes to speech produced in the presence
of energetic and informational maskers. Journal of the Acoustical Society of America,
128, 2059–2069. http://dx.doi.org/10.1016/j.csl.2013.08.003
Objective: This study reviewed the effect of both energetic and informational masking on speech
production in both communicative and noncommunicative tasks.
Method: 8 participants (4 males and 4 females) were grouped into 4 pairs. Each pair was of the
same gender. All were native speakers of British English. The researchers analyzed speech
produced in quiet (Q) and three background noise conditions including competing speech (CS),
speech-shaped noise (SSN), and speech-modulated noise (SMN). Participants were asked to
solve a sudoku puzzle of moderate difficulty either in pairs or alone. If they solved the puzzle
alone, they were asked to talk through the process of solving the puzzle. Participants completed
speech tasks in 8 different conditions both alone and in pairs for each of the noise conditions (Q,
CS, SSN, and SMN). Recordings lasted about 10 minutes per noise condition. The researchers
then analyzed the recordings according to foreground-background overlap, speech rate, mean
pause duration, simulated talkers, and vowel space dispersion.
Results: All noise backgrounds led to speech production changes that have been observed in past
Lombard Effect studies. There was an increase in speech level and F0 and a flattening of spectral
tilt. The modification size was comparable for the temporally modulated background noise
(SMN and CS) and greater for speech-shaped noise.
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Conclusion: The results of this study support the hypothesis that the Lombard Effect is
proportional to the level of the energetic masking in the background. The study suggests that
talkers listen while they speak when exposed to noise. This helps to improve the probability of
their listener receiving the message.
Relevance to the current work: Both energetic and informational maskers were used and the
researchers looked at the effect of background noise on speech production.
Darling, M., & Huber, J. E. (2011). Changes to articulatory kinematics in response to loudness
cues in individuals with Parkinson’s disease. Journal of Speech, Language, and Hearing
Research, 54, 1247-1259. https://doi.org/10.1044/1092-4388(2011/10-0024)
Objective: This study examined the effects of loudness cues on articulatory movement in
individuals with Parkinson’s disease.
Method: 9 adults with Parkinson’s disease and 9 age and sex-matched healthy individuals
produced sentences in 4 different conditions including comfortable loudness, 10 dB above
comfortable, twice as loud as the comfortable condition, and in background noise. Researchers
obtained lip and jaw measurements during each of the speaking tasks.
Results: Both the group with Parkinson’s disease and the healthy control group significantly
increased sound pressure level in the loud conditions in comparison to the comfortable baseline
condition. Participants with PD produced the largest displacement during the twice as loud
condition, and the smallest displacement during the background condition. In contrast, the
control group experience the greatest displacement during the background noise condition and
the lowest amount of displacement during the twice as loud condition.
Conclusion: This study suggests that individuals with PD respond differently than healthy
individuals when given cues to increase loudness in different ways.
Relevance to the current work: Similar to the current study, this study examines changes in
speech production in varying conditions. While this study examines kinematics, the current study
relies on acoustic measures like formant transition and vowel space metrics. Both studies
examine the effects of intensity on speech production.
Dromey, C., & Bates, E. (2005). Speech interactions with linguistic, cognitive, and visuomotor
tasks. Journal of Speech, Language, and Hearing Research, 48, 295-305.
https://doi.org/1092-4388/05/4802-0295
Objective: This study was conducted to determine how speech production changes when a
person is presented with a divided attention task.
Method: 20 young adults participated in the study. Lip movements were measured across several
repetitive speaking conditions. These conditions included speech alone, and speaking combined
with linguistic, cognitive, or visuomotor tasks.
Results: During the combined linguistic task, there was a significant increase in spatiotemporal
variability of lip displacement. During the combined visuomotor tasks, data revealed more rapid
speech along with smaller lip displacement. Vocal intensity increased for all combined tasks
compared to the speech-only condition.
Conclusion: This study’s findings suggest concurrent nonspeech activity can influence speech
performance. The study also suggests that different aspects of attention are necessary for
linguistic versus visuomotor tasks.
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Relevance to the current work: Similar to the current work, this study addresses speech
production changes in the presences of distraction. Both studies involved speaking tasks that
were repetitive in nature which allowed greater experimental control and the use of soundspecific metrics. While this study measured articulatory kinematics, the current study examines
acoustic changes in speech production, particularly while listening to distracting background
noise rather than completing a concurrent nonspeech task.
Dromey, C., & Ramig, L O. (1998). Intentional changes in sound pressure level and rate: Their
impact on measures of respiration, phonation, and articulation. Journal of Speech,
Language, and Hearing Research, 41, 1003-1018. https://doi.org/1092-4388/98/41051003
Objective: This study was conducted to compare the effects of changing sound pressure level and
rate on phonatory, respiratory, and articulatory measures during speech production.
Method: 5 men and 5 women completed a repetitive speaking task, repeating the sentence, “I sell
a sapapple again.” They repeated this sentence under five difference intensity and five different
rate conditions. Experimenters measured lung volume, SPL, F0, semitone standard deviation,
and lip displacement.
Results: Data revealed that loud speech led to changes in each of these components measured.
Rate increase was associated with increased variability in lip movement. Lower lip displacement
became smaller for faster speech.
Conclusion: This study suggests that speech production changes as intensity and rate are
adjusted.
Relevance to the current work: This study is similar to the current work in that it addresses
changes in speech production. It also addresses various similar measurements including
articulatory movement and acoustic measures of speech. Both studies’ speaking tasks were
repetitive in nature, which led to more control over the choice of metrics. However, this did not
allow for straightforward generalization to more natural communication tasks.
Dromey, C., Ramig, L O., & Johnson, A. B. (1995). Phonatory and articulatory changes
associated with increased vocal intensity in Parkinson disease: A case study. Journal of
Speech and Hearing Research, 38, 751-764. https://doi.org/ 0022-4685/95/3804.075
Objective: This study was conducted to determine what changes occur in speech production in a
patient with Parkinson disease as vocal intensity increases following treatment.
Method: One subject was selected from a larger group of patients with Parkinson disease. He
was a 49-year-old employed as a family physician. Data were collected while the subject
performed a tidal volume task, a forced vital capacity task, maximum sustained vowel phonation,
maximum F0 range, a series of /pae/ syllables, reading the “Rainbow Passage”, reading 70
individual words, and a 30 second monologue. The subject participated in 16 sessions of Lee
Silverman Voice Treatment. Data were collected preceding treatment, directly after treatment,
and 6 and 12 months later.
Results: Data revealed increases in sound pressure level during sustained phonation, syllable
repetition, reading, and the monologue. Corresponding improvements were found in subglottal
pressure, maximum flow declination rate, laryngeal airway resistance, and maximum vowel
duration, among others. Results also revealed changes in articulatory acoustic parameters.
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Conclusion: This study’s findings revealed the widespread impact of intensity change in one
patient with Parkinson disease. The results suggest that behavioral compensation may modify the
phonatory and articulatory acoustic effects of the physical pathology of Parkinson disease. In
addition, increased vocal intensity led to articulation changes that were not addressed during
treatment.
Relevance to the current work: This study reported on a patient with Parkinson’s disease and
how intensity can lead to changes in both diphthong transition extent and duration, among other
acoustic and articulatory measures. The current study also considers the effects of background
noise on similar acoustic measures of speech.
Dromey, C., & Scott, S. (2016). The effects of noise on speech movements in young, middleaged, and older adults. Speech, Language, and Hearing, 19, 131-139. https://doi.org/
10.1080/2050571X.2015.1133757
Objective: This study was conducted to determine whether exposure to different types of noise
conditions during a sentence repetition task would influence movement of the lips.
Method: Researchers measured lip movements during a sentence repetition task. Thirty males
and thirty females participated in this study. All were native English speakers. 10 male and 10
female participants made up each of three different age groups including 20-30, 40-50, and 6070. A head-mounted strain gauge system was used to measure lip and jaw movements during
speech tasks. Each participant was asked to repeat the sentence In Panama most people prefer to
travel by bus, bike, or boat under each of the five noise conditions. The noise condition stimuli
were a silent baseline condition, the speech of one person reading aloud, two simultaneous
readers, six simultaneous readers, and pink noise. The digital recordings were then analyzed to
assess lip displacement and velocity, sound pressure level, utterance duration, and further
measures of lip coordination and movement stability.
Results: The noise conditions had a statistically significant effect on utterance duration. There
was also a higher closing velocity in all noise conditions compared to silence. All noise
conditions resulted in a higher intensity than that of the silent condition. No differences were
seen in displacement across the noise conditions.
Conclusion: This study suggests that auditory distractions only have a minimal effect on
speakers in a controlled environment.
Relevance to the current work: This study is similar in that it addresses the effect of different
types of background noise on repetitive speech tasks. However, rather than measuring
kinematics, the current study will be examining acoustic speech characteristics.
Howell, P. (2008). Effect of speaking environment on speech production and perception. Journal
of the Human-Environment System, 11, 51–57.
Objective: This study reviewed how the environment affects speaking and listening performance.
It focused on the main ways in which all sounds are affected by the environment in which they
are presented.
Method: The author began this review with a brief overview of how the environment alters
sound based on timing, frequency, and intensity. He then discussed how the environment can
influence speech production versus speech perception in each of these parameters. The author
additionally addressed cognitive influences on speakers and listeners.
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Results: Room dimensions will determine how sound will propagate based on timing, frequency,
and intensity. Timing can impact speech production in the form of delayed auditory feedback
(DAF). Studies have shown frequency shifted feedback, (FSF) has an effect on voice level,
although there are comparatively few studies on how frequency can affect speech control. In
regard to intensity, the author refers to the Lombard effect.
Conclusion: Altering speech timing, particularly in the form of DAF, can have a negative impact
on speech control in fluent speakers. DAF, however, can improve the speech control of people
who stutter. FSF and fast Fourier transform (FFT) techniques can also work to improve speech
fluency in people who stutter. This demonstrates that environmental changes are not always a
detriment to all speakers. More research is needed to determine how the changes a speaker
makes in response to their environment will affect how a listener will perceive their speech.
Speaking clearly as if talking to someone who is hard of hearing has the potential to offset poor
environmental speaking conditions.
Relevance to the current work: This review of current literature discusses how a person’s
environment will affect speech production and perception. The current study aims to address
how varying environmental conditions will affect speech production.
Ikeno, A., Varadarajan, V., Patil, S., & Hansen, J. H. L. (2007). UT- scope: Speech under
Lombard effect and cognitive stress. Aerospace Conference, 2007.
Objective: This study aims to address how speech characteristics differ based on varying types of
Lombard conditions including UT-Scope (Speech under Cognitive and Physical Stress and
Emotion.)
Method: Data for UT-Scope was collected in a sound attenuating booth using a DAT recorder
unit and three microphones. The UT-Scope database contains Lombard speech under three
different noise conditions including pink noise, large crowd noise, and noise in a car traveling at
65 mph on a highway with the windows half open. Cognitive stress simulated by having speakers
drive a car using a driving simulator in scenarios that produced a high level of cognitive stress.
Physical stress was represented by speakers using a stair stepper. Speech under emotion was
addressed in a later study.
Results: The effect of the speech condition was significant (p<.0001) for In-Set and Out-of-Set
speaker ID results. When the reference and test conditions matched, the confidence ratings were
higher. The higher the confidence rating, the higher the perceptual accuracy. when reference and
test conditions do not match, confidence ratings and accuracy do not show consistent relation.
Conclusion: Equal error rates (EER) of an in-set speaker deteriorates with Lombard speech.
Lombard speech produces higher accuracy with In-Set speaker ID, and lower accuracy with Out
of Set speaker ID when compared to neutral speech conditions. Overall, a deeper understanding
of cognitive factors on Lombard speech involved in perceptual speaker identification offers
insights for future developments in automated systems.
Relevance to the current work: This study aims to determine the automatic and perceptual
evaluation of Lombard speech in the recognition of In-Set speakers using automated systems. It
determines how the perception of Lombard speech differs in various environments. The current
study is similar in that it examines Lombard speech in several different environmental noise
conditions; however, it differs in that it will focus on human speech production rather than
automated system speech recognition.
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Letowski, T., Frank, T., & Caravella, J. (1993). Acoustical properties of speech produced in
noise presented through supra-aural earphones. Ear and Hearing, 14, 332-339.
https://doi.org/0196/0202/93/1405-0332$3.00/0
Objective: This study was conducted to assess the acoustic properties of connected speech when
produced in various types of background noise.
Method: Five males and five females between the ages of 18 and 25 participated in this study.
The subjects were fitted with supra-aural earphones and asked to read the Grandfather passage at
their most comfortable rate and loudness. They read the passage in 4 different noise conditions
including quiet, multitalker noise, traffic noise, and wideband noise at 70 and 90 dB SPL. Each
subject was tested and retested after one week. Each session started and ended with the quiet
condition, while the other noise conditions were counterbalanced across subjects and sessions.
The subjects’ speech was recorded and later analyzed to determine speech rate, F0, SPL and
spectral properties.
Results: A decrease in speech rate was not significant as noise level increased, nor was it
influenced by noise type or session. There was a shift in mean F0 for both males and females for
each noise type and each noise level. Findings suggest that male Lombard speech has a larger
pitch shift than female Lombard speech. The main effects of noise type and noise level on
overall SPL were significant. The study suggests that the productions of both men and women
were affected similarly by each noise type, despite the different spectral characteristics. It was
also found that as the noise level increased, the speech spectra revealed a relative shift of energy.
It also revealed a frequency and intensity increase of the F0 component.
Conclusion: The results of this study do not suggest that loud speech produced in a quiet
environment is acoustically identical to Lombard speech. Further research should assess whether
speech produced in noise is more intelligible than loud speech produced in a quiet environment.
Relevance to the current work: This study assessed various properties of speech production in
both silence and various types of background noise. The current study differs in that it involved
using both informational and energetic maskers. While this study assesses the effect of both
increased loudness and type of background noise, the current study will focus solely on the
effects of various types of background noise on speech production.
Lu, Y., & Cooke, M. (2008). Speech production modifications produced by competing talkers,
babble, and stationary noise. The Journal of the Acoustical Society of America, 124,
3261-3275. http://doi.org/10.1121/1.2990705
Objective: This study aims to determine the acoustic and phonetic ramifications of N-talker noise
on speech production. Varying values for N were used to demonstrate energetic masking versus
informational masking.
Method: Participants in the study were 8 native speakers of British English (4 males and 4
females) from the Dept. of Computer Science at the University of Sheffield. N-talker babble
maskers were produced for N= (1, 2, 4, 8, 16, ∞). Maskers for the 6 values of N were presented
at 89 dB SPL. Talkers were asked to read a series of 50 simple 6-word sentences such as “lay
green with A4 now”. Talkers also participated in a quiet control condition. Participants recorded
the conditions on separate days over two 30-minute sessions.
Results: During utterance level analysis, the researchers found that many parameters showed
significant increases in most of the noise background conditions compared to quiet, including
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RMS energy, mean F0, spectral center of gravity, and voiced to unvoiced ratio. At the phoneme
level, analysis showed that an increase in N and masker level produced an increase in duration of
most phoneme types with the exception of /f/ and nonalveolar plosives. An increase in spectral
center of gravity was seen for all phonemes. Vowel spectral tilt became flatter in all cases.
Conclusion: Speech produced in noise can lead to an increase in speech intelligibility in
association with the extent of acoustic changes measured in this study. These findings indicate
that speakers will compensate for the energetic masking effects on their own speech. On the
other hand, no informational masking changes were found with a competing talker. This may
have been due to the fact that the experiment lacked a communicative element, as talkers simply
read sentences without communicative intent.
Relevance to the current work: This study addressed the effects of both informational and
energetic masking in speech production using sentence stimuli. While this work used N-talker
babble maskers, the current study will use masking noise with more variability that may be more
applicable to an individual’s daily experience.
Summers, W. V., Pisoni, D. B., Bernacki, R. H., Pedlow, R. I., & Stokes, M. A. (1988). Effects
of noise on speech production: Acoustic and perceptual analyses. The Journal of the
Acoustical Society of America, 84, 917-928. http://doi.org/10.1121/1.396660
Objective: This work analyzed the effects of masking noise on speech production, particularly in
conjunction with recent efforts of the Air Force to install speech recognition devices in noisy
conditions such as the cockpit of an airplane. Perceptual analysis was also included in this study
to assess the intelligibility of utterances produced in noise versus quiet conditions.
Method: In regard to acoustical analysis, two male native English speakers participated in the
study. Participants sat in a sound attenuating booth. Stimulus materials included 15 words from
the Air Force speech recognition vocabulary. Participants read each of the 15 words under
several conditions including quiet, 80, 90, or 100 dB of masking noise. During perceptual
analysis, 41 undergraduate students participated in the study. All were native English speakers.
Subjects sat in sound treated room and were asked to identify a randomly selected stimulus in the
presence of 85 dB SPL masking noise. Stimuli were taken from the previous two speakers during
acoustical analysis.
Results: Not surprisingly, amplitude, F0, and duration all increased in the presence of noise
conditions. The experimenters also found that vowels produced in noise had relatively flat
spectra compared to those produced in quiet conditions. Also not surprisingly, during perceptual
analysis, the signal-to-noise ratio had the greatest effect on accurate identification of words.
Lastly, the researchers found that speech produced in 90 dB of masking noise was consistently
identified more accurately than speech in the quiet condition.
Conclusion: There is a significant difference between the acoustic properties of speech produced
in noise and speech produced in quiet environments. Speech produced in noise may tend to be
more intelligible than speech produced in quiet environments.
Relevance to the current work: The purpose of this study is similar to that of the current work.
Both aim to address acoustic modifications that occur in speech production in the presence of
noise. Rather than using single words, the current study will look at full sentence utterances.
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Wong, P. C., Jin, J. X., Gunasekera, G. M., Abel, R., Lee, E. R., & Dhar, S. (2008). Aging and
cortical mechanisms of speech perception in noise. Neuropsychologia, 47, 693–703.
http://doi.org/ 10.1016/j.neuropsychologia.2008.11.032
Objective: This study assessed cortical cerebral hemodynamics associated with spoken language
processing in noisy environments within the aging population.
Method: Participants included 12 younger adults ages 19-27 years, and 12 older adults ages 6375 years. All were native English speakers without neurological deficits. Subjects’ peripheral
hearing was assessed. Both younger and older participants identified single words in silent and
two multi-talker babble noise conditions. The first condition had a signal to noise ratio (SNR) of
-5 dB, while the second had a SNR of +20 dB. The researchers used fMRI to measure the
cortical response.
Results: Younger and older adults did not differ behaviorally in the quiet or SNR 20 conditions.
In the third condition, SNR -5, older adults performed less accurately. According to the fMRI
results, the auditory cortex showed reduced activation. There was, however, an increase in
working memory and attention-related cortical areas in the older subjects, particularly in the
SNR -5 condition.
Conclusion: Increased general cortical activation can be associated with behavioral performance
in older adults. This suggests the older population tended to use more compensatory strategies
during the task. Younger adults also tend to have a more streamlined and direct network of
activated regions during auditory processing, while older adults tend to show more diffuse
patterns.
Relevance to the current work: This study addressed speech perception in noise. The current
study also measures speech in noise; however, it will focus on the effect of noise on speech
production rather than perception.
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APPENDIX B
Consent Form

Consent to be a Research Subject
Introduction
This research study is being conducted by Professor Christopher Dromey at Brigham Young
University to determine how speech changes with background noise. You were invited to
participate because you are a native speaker of English and have no history of speech or hearing
disorders. Two graduate students, Kacy Chapman and Camille Cowley, will assist with
the study.
Procedures
If you agree to participate in this research study, the following will occur:
• You will be shown a list of potential topics to talk about, and given time to select at least
8
• you will wear lightweight headphones and sit in a sound booth in the Taylor Building at
BYU
• you will be audio recorded while talking about your selected topics under several noise
conditions
• you will also read aloud a few sentences from a computer screen
• the background noise conditions include silence, noise similar to radio static, recordings
of people speaking, and recordings of music
• total time commitment will be less than 60 minutes in a single visit to the lab
Risks/Discomforts
It is possible that you may experience fatigue during the recording session. Therefore, you may
take a break at any time during the experiment if you need a rest.
Benefits
There are no direct benefits to you as a research participant. However, it is hoped that the
information obtained from this study will increase our understanding of the impact of noise on
speech, which may have potential benefits for the way speech disorders are treated in the clinic.
Confidentiality
The research data will be kept on a password-protected computer and only the researcher will
have access to the data. All identifying information will be replaced with anonymous subject
codes and the data will be kept in the researcher's locked office. Only aggregate data will be
reported in conference presentations or publications that are derived from this study.
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Compensation
You will receive $10 cash for your participation; compensation will not be prorated.
Participation
Participation in this research study is voluntary. You have the right to withdraw at any time or
refuse to participate entirely without jeopardy to your class status, grades, or standing with the
university.
Questions about the Research
If you have questions regarding this study, you may contact Christopher Dromey at 801-4226461 or dromey@byu.edu for further information.
Questions about Your Rights as Research Participants
If you have questions regarding your rights as a research participant, please contact the IRB
Administrator at (801) 422-1461; A-285 ASB, Brigham Young University, Provo, UT 84602;
irb@byu.edu.
Statement of Consent
I have read, understood, and received a copy of the above consent and desire of my own free will
to participate in this study.
Name (Printed):______________

Signature:________________

Date:_________________

